The recruitment of clathrin to the membrane and its assembly into coated pits results from its interaction with endocytic adaptors and other regulatory proteins in the context of a specific lipid microenvironment. Dab2 (disabled 2) is a mitotic phosphoprotein and a monomeric adaptor for clathrin-mediated endocytosis. In the present study, we employed GFP (green fluorescent protein) fusion constructs of different isoforms and mutants of rat Dab2 and characterized their effect on the size, distribution and dynamics of clathrin assemblies. Enhanced levels of expression of the p82 isoform of Dab2 in COS7 cells induced enlarged clathrin assemblies at the plasma membrane. p82-clathrin assemblies, which concentrate additional endocytic proteins, such as AP2 (adaptor protein 2) and epsin, are dynamic structures in which both p82 and clathrin exchange actively between the membrane-bound and cytosolic sub-populations. The ability of p82 to induce enlarged clathrin assemblies is dependent on the presence of a functional PTB domain (phosphotyrosine-binding domain), on binding to clathrin and phospholipids, and on a newly identified and evolutionarily conserved poly-lysine stretch which precedes the PTB domain. These same molecular features are required for Dab2 to enhance the spreading of COS7 cells on fibronectin. The ability of the p82 isoform of Dab2 to enhance cell spreading was confirmed in both HeLa cells and HBL cells (human breast epithelial cells). COS7 cells expressing GFP-p82 and plated on to fibronectin concentrate the β1 integrin into clathrin-p82 assemblies. Furthermore, during cell spreading, p82-clathrin assemblies concentrate at the site of the initial cell-matrix contact and are absent from regions of intense membrane ruffling. We propose a role for Dab2 and clathrin in integrin-mediated cell spreading.
INTRODUCTION
The monomeric CLASPs (clathrin-associated sorting proteins) are prominent mediators and synchronizers of receptor activation, cargo selection and clathrin coat polymerization [1] [2] [3] . Numb, ARH (autosomal recessive hypercholesterolaemia) and Dab2 (disabled 2) form an important subclass of CLASPs, characterized by an evolutionarily conserved PTB domain (phosphotyrosinebinding domain) that recognizes unphosphorylated NPXY signals [4] . This recognition is essential for clathrin-dependent internalization of receptors, such as the LDLR [LDL (low-density lipoprotein) receptor] and the megalin receptor [5] [6] [7] [8] . In spite of the structural similarities in their endocytic motif recognition module, there are considerable differences among CLASPs. Dab2 and ARH both mediate LDLR endocytosis; however, only Dab2 is able to do so in the absence of the endocytic adaptor complex AP2 (adaptor protein 2) [7] . This ability stems from the structure of Dab2, which includes modules for interaction with PIP2 (phosphatidylinositol 4,5-bisphosphate), clathrin, SH3 (Src homology 3) and EH (Eps15 homology) domains and myosin [7, 9] . This myriad of interactions endows Dab2 with the potential of co-ordinating coat assembly, cargo recruitment and vesicle formation and traffic.
Alternative splicing generates different Dab2 isoforms. These isoforms are labelled as p96, p93 and p67 in mice and humans, and p82 and p59 in rats (corresponding to the p96 and p67 isoforms respectively). Exon 9, which differentiates p59 (p67) and p82 (p96) Dab2 isoforms, encodes for clathrin-and AP2-binding motifs. However, p59 retains an AP2-binding motif (of the FXDXF category [10] ) and NPF motifs, which bind EH domains. These motifs may mediate its localization to endocytic structures and determine its function as an internalization adaptor. The p82 and p59 isoforms have been reported to differ in their intracellular localization and function. In previous studies, p82 (or p96) has been shown to be localized to the plasma membrane, in accordance with its proposed function in endocytosis [8, 11] . In contrast, p59 has been shown to localize to the cytosol and nucleus, and is proposed to function as a transcriptional activator [12] . Accordingly, in dab2-knockout mice, the p67 isoform only partially rescues the effect of the absence of Dab2 [5] . However, in addition to its endocytic functions, Dab2 is a signal mediator. In this context, the differences between isoforms are less clear. For example, both p59 and p82 inhibit NGF (nerve growth factor)-induced neurite outgrowth in PC12 cells [13] .
Dab2 is also a mitotic phosphoprotein and a tumour-supressor gene [14] [15] [16] [17] [18] [19] [20] . In this context, Dab2 regulates the Wnt and TGFβ (transforming growth factor β) signalling pathways [21] [22] [23] . The role played by Dab2 in signal transduction is underscored by its direct interactions with signalling mediators, such as Src, Grb2 (growth-factor-receptor-bound protein 2) and a GTPase-activating protein of Ras, Dab2IP (Dab2-interacting protein) [24] [25] [26] . Dab2 also binds the β3 integrin subunit, making it a candidate for the regulation of cell-matrix interactions [27, 28] . Accordingly, an increase in Dab2 expression enhances the adhesion and spreading of macrophages to laminin-coated surfaces [29] .
The levels of expression of Dab2 and other PTB-domaincontaining endocytic adaptors vary markedly depending on the cell type and state. Thus Dab2 was identified initially as a gene whose expression is reduced early in the tumour progression of ovarian, colorectal, breast and other epithelial cancers [16, 18, 20] . Furthermore, a recent study has shown that a marked transcriptional up-regulation of PTB-domain-containing adaptors occurs during mosquito oogenesis [30] , a process which involves reorganization of the clathrin endocytic machinery [31, 32] .
In spite of growing interest in Dab2, the characterization of its in vivo dynamics, the effects of variations in the levels of Dab2 on the organization and function of the clathrin endocytic machinery, its role in the spreading of non-haematopoietic cells and the molecular determinants which regulate these functions have yet to be addressed. In the present study, we have monitored the dynamics of Dab2 in live cells. To this end, we have generated GFP (green fluorescent protein) fusion constructs of the p82 and p59 isoforms of rat Dab2. We have also generated GFP-p82 mutants that are deficient in their ability to interact with specific proteins or phospholipids. We report that overexpression of the p82 isoform of Dab2 alters the distribution of clathrin on the cell membrane. Dab2-clathrin platforms are dynamic structures which concentrate β1 integrin, are absent from areas of membrane ruffling and enhance the spreading of COS7 cells on fibronectin.
EXPERIMENTAL Antibodies and reagents
Alexa Fluor ® 546-conjugated anti-(biferric transferrin) and Alexa Fluor ® 555-conjugated goat anti-mouse antibodies were from Molecular Probes. The monoclonal anti-α-adaptin (sc-32284) and anti-(clathrin heavy chain) (sc-58715) antibodies, and the polyclonal anti-Dab2 (sc-13982) and anti-(Dab2 pSer24) (Dab2 phosphorylated at Ser 24 ) (sc-32573-R) antibodies were from Santa Cruz Biotechnology. The monoclonal anti-β1 integrin antibody (TS2/16) [33] was a gift from Dr Ilana Yron (Department of Cell Research and Immunology, George S. Wise Faculty of Life Sciences Tel Aviv University, Tel Aviv, Israel). Monoclonal anti-Myc antibody (9E10) was from Harvard Monoclonals. Cy3 (indocarbocyanine)-conjugated goat anti-rabbit secondary antibodies were from Jackson Immunoresearch. DAPI (4 ,6-diamidino-2-phenylindole), fibronectin and BSA were from Sigma-Aldrich, and butan-1-ol was from Merck. 
Plasmids, mutants and transfections
The rat Dab2 (p82) clone was from Open Biosystems. GFP-p82/ p59 fusion proteins were obtained by cloning p82 into the HindIII and XbaI sites of the pEGFP-C1 expression vector (Clontech). The GFP-p59 construct was generated by overlapping PCR, using p82 as a template. The overlapping primers used were 5 -TGACCTAAATAATCCAACATCTTCAGCAAACGACCTGC-TTG-3 and 5 -CAGGTCGTTTGCTGAAGATGTTGGATTATT-TAGGTCAGGAGG-3. Mutations to GFP-p82 were made using the QuikChange II site-directed mutagenesis kit (Stratagene) employing the following primers: S24A 5 -GCACCGAAAGC-ACCAGCGAAGAAGGAAAAGAAGAAAGG-3 (sense) and 5 -CTTTTCCTTCTTCGCTGGTGCTTTCGGTGCAGCCTG-3 (antisense), S24D 5 -GCACCGAAAGCACCAGACAAGAAG-GAAAAGAAGAAAGG-3 (sense) and 5 -CTTTTCCTTCTT-GTCTGGTGCTTTCGGTGCAGCCTG-3 (antisense), S24DDD (substitution of p82 Ser 24 with three aspartate residues) 5 -GC-ACCGAAAGCACCAGACGACGACAAGAAGGAAAAGAA-GAAAGG-3 (sense) and 5 -CTTTTCCTTCTTGTCGTC-GTCTGGTGCTTTCGGTGCAGCCTG-3 (antisense), K28A/ K29A/K30A 5 -CAAAGAAGGAAGCGGCGGCGGGTTCTG-AAAAGACAGATGAG-3 (sense) and 5 -CTTTTCAGAACC-CGCCGCCGCTTCCTTCTTTGATGGTGCTTTCG-3 (antisense), K53Q 5 -AAATACAAGGCCCAGCTAATCGGTATTG-ATGATGTGC-3 (sense) and 5 -CAATACCGATTAGCTGGG-CCTTGTATTTTACACCATCACC-3 (antisense), S122Y 5 -GT-AAATAAGATTTACTTCATTGCTCGTGATGTGAC-3 (sense) and 5 -CACGAGCAATGAAGTAAATCTTATTTACTGGATGT-TCATGC-3 (antisense), and G139A/G140A/E141A 5 -GGTT-ATGTGTGTGCGGCGGCGGGCCAGCATCAATTTTTTGC-3 (sense) and 5 -TTGATGCTGGCCCGCCGCCGCACACACAT-AACCAAATGCTC-3 (sense). The C-terminal primer employed for the generation of tL208 (Dab2 truncated at Leu 208 ) was:
The shRNA (small-hairpin RNA) against Dab2 was from Open Biosystems and comprised the sequence 5 -CCGGGTGG-CTTCTTCTCAACCTGTACTCGAGTACAGGTTGAGAAGA-AGCCACTTTTTTG-3 . The scrambled shRNA and the shRNA against the clathrin heavy chain were gifts from Dr Eran Bacharach (Department of Cell Research and Immunology, George S. Wise Faculty of Life Sciences Tel Aviv University, Tel Aviv, Israel). The clathrin heavy chain shRNA oligonucleotide sequence was GATCCCCTGAGCTGTTTGAAGAAGC-ATTCAAGAGATGCTTCTTCAAACAGCTCATTTTTA. The sequence and the vector (pSUPER_retro_puro vector) were digested with BglII and HindIII.
The siRNA (small interfering RNA) oligonucleotide against α-adaptin (GAGCAUGUGCACGCUGGCCAGCU) was purchased from Dharmacon. The sequence of the non-specific (scrambled) siRNA was AAGGTTGAAGACGGAAGTCCAGGCCCT.
For the endocytosis assays, we employed two gain-of-function endocytosis mutants based on the addition of the NPXY signal to truncated Myc-tagged TβRI (type 1 TGFβ receptor) [see Figure 3 (A) for details] [a gift from Professor Yoav Henis (Neurobiology Department, Tel Aviv University, Tel Aviv, Israel)], which is not internalized. Insertion of the FDNPVY motif (TβRI-LDL) or the sequence EMASRARYNPVYKP (TβRI-β5) was performed by successive PCR using the following primer pairs: 5 -ATTCACCATAATCCAGTACCGAGTGTAGGCGGC-CG-3 and 5 -CTACACTCGGTATACTGGATTATGGTGAATG-ACAGTG-3 (for the generation of both mutants), 5 -CAT-TCACCATTTCGACAATCCAGTATACCGAG-3 and 5 -ATA-CTGGATTGTCGAAATGGTGAATGACAG-3 (for the generation of the TβRI-LDL mutant), and 5 -TTCACCATGAGATG-GCATCCAATCCAGTATACCGAG-3 , 5 -ATACTGGATTGG-ATGCCATCTCATGGTGAATGACAG-3 , 5 -AGTATACCGA-AAGCCTGTGTAGGCCGCTCGAGC-3 , 5 -CCGCCTACACA-GGCTTTCGGTATACTGGATTAGATGCC-3 , 5 -CATTCAC-CATAGGGCCAGGTACGAGATGGCATCTAATCCAGTATAC-3 and 5 -TGCCATCTCGTACCCCCTATGGTGAATGACAGT-GCGGTTG-3 (for the generation of the TβRI-β5 mutant).
All cloned fragments and mutants were checked by DNA sequencing.
RFP (red fluorescent protein)-epsin, a fusion of rat epsin 1 to the C-terminus of HcRFP (where Hc is Heteractis crispa), was a gift from Professor Yossi Yarden (Department of Biological Regulation, Weizmann Institute, Rehovot, Israel).
All transfections of COS7 cells (with the exception of siRNA transfection) were carried out using the DEAE-dextran method as described previously [34] . siRNA transfection into COS7 cells was carried out using INTERFERin TM (Polyplus Transfection). Transfection of DNA into HeLa cells was carried out using Lipofectamine TM 2000 (Invitrogen). Transfection of siRNA into HeLa cells was carried out by microporation (Digital Bio).
Imaging data acquisition
Images were acquired using a motorized spinning-disc confocal microscope (Yokogawa CSU 
Imaging data processing
Images were restored in three dimensions by constrained iterative deconvolution [35] with SlideBook TM , using experimentally determined point-spread functions corresponding to 170 nm beads labelled with fluorescent dyes (Molecular Probes) compatible with the 473 nm and 561 nm filter sets. Fluorescence intensities of the total amount of GFP-Dab2 or RFP-LCa (clathrin light chain A) constructs in cells was measured in the deconvoluted images after their projection into two dimensions by summing the pixel intensities of each plane.
Photobleaching assays
FRAP (fluorescence recovery after photobleaching) was performed with a near-diffraction limited collimated laser beam (Micropoint, Photonics Instruments) generated by a nitrogen pulse laser (VSL-337ND-S; Laser Science), wavelength-tuned with a coumarin-based dye to specifically photobleach EGFP (enhanced GFP). The photobleached area was determined on the computer screen with SlideBook TM software; bleaching was achieved with minimal intensities to avoid possible phototoxic effects. Fluorescence intensity measurements were corrected for non-specific photobleaching. The premise for the correction is that the overall intensity of non-bleached areas (of different cells in the same field) should remain constant over time. Intensity measurements were multiplied by the inverse of the ratio of fluorescence at a given time point over fluorescence at the initial time point.
Cell-spreading assay
COS7 cells, transfected with the different GFP-Dab2 fusion constructs for 24 h, were resuspended by trypsinization, left to recover for 30 min at 37
• C and replated on to fibronectin-coated plates. At the indicated times, cells were fixed and imaged. The The generation of the mutants was performed as described in the Experimental section. Rat p82 consists of 768 amino acids. The PTB domain is located between amino acid residues . Residues 230-447 of p82 are absent in p59. Point mutations were planned according to published studies which attribute specific functions as specified in the Results section to Ser 24 , Ser 122 and Lys 53 . The G139A/G140A/E141A (GGE139-141AAA) mutation was planned according to the structure of the Dab2 PTB domain interacting with the FDNPXY motif published previously [66] . aa, amino acid; tL208, Dab2 truncated at Leu 208 .
area of the cell in contact with the glass surface was measured with SlideBook TM software. Only mono-nucleated cells without blatantly aberrant nuclear morphology were examined.
Statistical calculations
All calculations of statistical significance that appear in the text and in the Figure legends were calculated using the Student's t test.
RESULTS

GFP-Dab2 modulates the distribution of clathrin at the plasma membrane
To follow the distribution and dynamics of the different isoforms and mutants of Dab2 and characterize the effect of their expression on the organization of plasma-membrane-bound clathrin assemblies, we generated GFP-Dab2 fusion proteins (see Figure 1 for details), expressed them in different cell types, including COS7 cells, and analysed the cells by spinning-disc confocal microscopy. The reasons for choosing this experimental setup were: (i) COS7 cells are suitable for analysis of the distribution and dynamics of GFP fusion constructs of the LCa and other endocytic proteins [36] [37] [38] [39] and (ii) COS7 cells contain minimal Dab2 (Figure 2A ), facilitating analysis of the effects elicited by the expression of different isoforms and mutant constructs of Dab2. Two experimental approaches were employed to follow COS7 cells were transfected with GFP-p82 (A-C) or co-transfected with GFP-p82 (D) or GFP-p59 (E, F) and RFP-LCa. Singly transfected cells were fixed, permeabilized and stained with polyclonal anti-Dab2 (A), monoclonal anti-(clathrin heavy chain) (B) or monoclonal anti-α-adaptin (C) antibodies, followed by a Alexa Fluor ® 555-conjugated secondary antibody. Doubly transfected cells were fixed and mounted prior to imaging. In (F), cells expressing GFP-p59 and RFP-LCa were treated with medium supplemented with 0.45 M sucrose (hypertonic shock) for 15 min prior to fixation. All micrographs, which were acquired with a spinning-disc confocal microscope, depict the ventral membrane of the cell. The first two columns show pictures of individual wavelengths; the third and fourth columns are merges, with the fourth column showing a close-up of the boxed region. Note the DAPI (4 ,6-diamidino-2-phenylindole) staining of nuclear DNA in (A), which marks the position of untransfected cells in the same field. Quantitative measurement of the co-localization of these pictures was carried by calculating the van Steele's CCF using ImageJ software (maxCCF for the different pairs of proteins is specified in the text). Scale bar, 10 μm. Figure 1 ) displayed a mostly diffuse cytosolic distribution ( Figure 2E ). However, at the ventral membrane of cells, clathrin and GFP-p59 co-localized to a certain extent (maxCCF = 0.61, see Figure 2E for typical images). To further probe the nature of this co-localization and to see if altering the localization of clathrin entails a similar change in the distribution of p59, we subjected cells transiently expressing GFP-p59 and RFP-LCa to hypertonic shock (0.45 M sucrose), a condition that leads to the formation of clathrin microcages and to the depletion of soluble clathrin from the cytosol [41] . This treatment led to an analogous alteration of the intracellular distribution of GFP-p59, i.e. recruitment to diffraction-limited punctate structures where clathrin was co-localized (maxCCF = 0.841, Figure 2F ). Thus although GFP-p59 co-localized with clathrin to a lower extent than GFP-p82 in untreated cells, the notion that p59 interacts with endocytic structures is reinforced by its recruitment to clathrin microcages ( Figure 2F ). Having confirmed the localization of GFP-Dab2 fusion constructs to clathrin-coated structures at the plasma membrane, we next addressed the effect of their overexpression on endocytosis by using two methods. First, using a quantitative microscopy-based internalization assay, we followed the endocytosis of model receptors generated by the addition of endocytic motifs to an endocytosis-negative truncation mutant of the Myc-tagged TβRI [42] . This truncated receptor (termed TβRI-158 and depicted in Figure 3A ) is only internalized when supplemented with endocytic signals, such as FDNPXY (the endocytic signal of the LDLR) or the NPXY-based signal of the β5 integrin (schematically depicted in Figure 3A ). COS7 cells were co-transfected for 24 h with the model receptor and GFP, GFP-p59 or GFP-p82. The plasma membrane population of Myc-tagged receptors was labelled (at 4
• C to avoid internalization) on live intact cells with a monoclonal anti-Myc antibody. Cells were then warmed to 37
• C (to allow endocytosis), after which they were either acid washed or not, prior to fixation, permeabilization and staining with a fluorescently labelled secondary antibody. The entire cell volume was captured by spinning-disc confocal microscopy and served as the basis for the calculation of fluorescence intensities. The ratio between the internal (acid washed) and total cell fluorescence was interpreted as the percentage of endocytosis. The results in Figure 3 (B) represent the average internalization percentage of ∼ 40-50 cells for each condition from a typical experiment (n = 3), and no substantial differences were observed between experiments. The internalization of TβRI-158 was negligible under all conditions examined. Furthermore, the low level of internalization was not affected significantly by overexpression of either GFP-p59 or GFP-p82 (P > 0.1 in both cases). This is in accordance with the lack of internalization signals in its truncated cytoplasmic domain. In contrast, the internalization of the construct containing with the FDNPXY signal (TβRI-LDL) was enhanced by co-expression with GFP-p59 (5.12 + − 0.6-fold enhancement, P < 0.0001) and GFP-p82 (4.6 + − 0.6-fold enhancement, P < 0.0001) when compared with cells expressing GFP alone. To examine if the ability of GFP-p82 and GFP-p59 to enhance the internalization of endocytic cargo bearing NPXYbased signals is restricted to the sequence present in the LDLR, we repeated the experiment with an additional construct based on truncated TβRI. This construct, termed TβRI-β5, comprises, in its cytoplasmic domain, an NPXY sequence (underlined) surrounded by residues that are adjacent to this motif in β5 integrin (RARYEMASNPXYKP, see Figure 3A ). The basal level of internalization of this receptor in GFP-expressing cells was lower than TβRI-LDL, supporting the notion that the phenylalanine and aspartate residues which precede this motif in the LDLR contribute to its effective internalization. Both GFP-p59 and GFP-p82 enhanced TβRI-β5 internalization. Furthermore, the extent of the enhancement was similar to that obtained with TβRI-LDL (4.7 + − 0.63-and 4.8 + − 0.77-fold when compared with GFP for GFP-p59 and GFP-p82 respectively, with P < 0.0001 in both cases). Taken together, these results support the notion that under our experimental conditions, both GFP-p59 and GFP-p82 are functional endocytic adaptors.
In the second approach, we followed the endocytosis of fluorescently labelled transferrin (used here as an endocytic ligand internalized via an YXX signal). As expected for PTBdomain adaptors (specific for NPXY-based signals) [8] , the overexpression of either Dab2 isoform does not enhance the endocytosis of transferrin ( Figure 3C ). In a typical experiment (n = 3), overexpression of GFP-p82 reduced transferrin endocytosis by ∼ 30 % (P < 0.01; Figure 3C ), whereas a lesser inhibitory effect is observed with GFP-p59 (∼ 15 % reduction; Figure 3C ). Thus, under our experimental conditions, GFP-p59 and GFPp82 are endocytic adaptors, localize to clathrin-based structures and affect, in different manners, the internalization of receptors endowed with different endocytic signals.
When imaging COS7 cells transiently transfected with GFPp82, we observed routinely GFP-p82 assemblies which were clearly above the diffraction limit (∼ 4 adjacent pixels in our imaging conditions). To further characterize these assemblies, we correlated the level of expression of GFP-p82 (measured as the total GFP fluorescence in cells) and the average GFPp82 content of individual assemblies at the plasma membrane. The average content of individual GFP-p82 assemblies correlated directly with the expression levels of GFP-p82 in each cell (see Supplementary Figure S1 at http://www.BiochemJ.org/bj/418/ bj4180701add.htm). Thus enhancing the expression level of GFP-p82 leads to an enlargement (both in size and in p82 content) of the membrane-bound p82 assemblies. Next, we employed spinning-disc confocal microscopy to characterize the intracellular distribution of GFP-p82 assemblies. Enlarged GFPp82 assemblies localized mainly to the cell surface in contact with the glass (see Supplementary Figure S2 at http://www. BiochemJ.org/bj/418/bj4180701add.htm). Quantification of the distribution of assembled GFP-p82 from five cells revealed that 89 + − 3 % of the assembled GFP-p82 localized to the ventral membrane (Supplementary Figure S2) . Furthermore, coexpression with GFP-p82 also seemed to change the distribution of clathrin ( Figures 4A-4C and Supplementary Figure S2A) . The co-localization of clathrin to the enlarged GFP-p82 assemblies was confirmed by immunofluorescence staining of endogenous clathrin heavy chain in fixed cells expressing GFPp82 ( Figure 4A ), as well as by co-expression of GFP-p82 and RFP-LCa ( Figure 4B ). Importantly, p82 not fused to GFP altered the distribution of clathrin in a similar manner ( Figure 4C ). From this we conclude that in COS7 cells over-expressing GFP-p82, a significant proportion of clathrin and GFP-p82 are co-localized, at the ventral plasma membrane, to spots above the diffraction limit.
To further characterize the enlarged clathrin-containing clusters induced by p82, we subjected cells expressing GFP-p82 and RFPLCa to confocal time-lapse microscopy. A large proportion of the p82-clathrin platforms were present throughout the entire duration of the time-lapse (4-6 min). In these structures, the amount of both clathrin and Dab2 was relatively constant over time and generally did not change by more than 10 % between consecutive time points ( Figures 4D, 4E and 4G ). In addition, mostly at the cell periphery, smaller structures which were closer to the diffraction limit were observed. These either appeared and intensified, or were internalized (acquired lateral mobility and concomitantly lost their fluorescence), suggesting a behaviour which is qualitatively similar to the previously characterized clathrin-AP2 structures [36, 37] (results not shown), albeit with slower kinetics. In all structures, the RFP-LCa content was proportional to the GFP-p82 content ( Figure 4F ). Furthermore, in individual clusters, changes in GFP-p82 fluorescence were paralleled by changes in RFP-LCa fluorescence ( Figure 4G ). Thus, in cells overexpressing GFP-p82, the dynamics and extent of the association and dissociation of p82 from the membrane are paralleled by that of clathrin.
To understand if, in addition to overexpression, a reduction in the level of Dab2 may also alter the organization of clathrin at the plasma membrane, and if the ability of Dab2 to alter the organization of clathrin is restricted to COS7 cells, we observed the effects of overexpression of GFP-p82, or the knockdown of endogenous Dab2 by shRNA, on the levels and distribution of clathrin and endogenous Dab2 present on the ventral membrane of HeLa cells. Similarly to what was observed in COS7 cells, Dab2 and clathrin (both endogenous and overexpressed) display high levels of co-localization (maxCCF > 0.75 in all cases, and maxCCF = 0.88 in the inset of Figures 5A and 5B) . Under similar conditions of transfection and expression as those employed in COS7 cells (transfection with 2 μg of DNA, and expression for 24-48 h), HeLa cells accumulated markedly lower levels of GFP-p82 (measured as the total GFP-p82 fluorescence per cell, results not shown). Consequently, the modulatory effects towards the organization of clathrin were clearer in the subset of cells showing higher expression. Here too, the expression of GFP-p82 led to the accumulation of clathrin in membrane-bound assemblies which appeared larger than the diffraction limit. Furthermore, the RFP-LCa content of individual assemblies was proportional to their GFP-p82 content ( Figure 5C ). The GFP-p82 and RFPLCa assemblies in HeLa cells displayed similar dynamics to those observed in COS7 cells, as a significant portion of these assemblies were present throughout the entire period of the movie ( Figure 5A ). The amount of RFP-LCa or GFP-p82 did not generally change by more than 10 % between time frames (results not shown). Furthermore, changes in GFP-p82 were paralleled by analogous changes in the amount of RFP-LCa ( Figure 5D ). Interestingly, shRNA-mediated knockdown of ∼ 70 % of Dab2 resulted in a 60 % reduction in the amount of clathrin at the ventral membrane of these same cells ( Figure 5E ). In addition, an analogous reduction in the levels of Dab2 at ventral membrane of the cells was observed upon shRNA-mediated knockdown of clathrin heavy chain ( Figure 5E ). Thus both elevation and reduction in the levels of expression of Dab2 cause changes to the organization of clathrin at the plasma membrane; suggesting a potential role for Dab2 in the recruitment of clathrin; and a reduction in the amount of clathrin results in a reduction in the amount of endogenous Dab2 that is recruited to the ventral membrane of the cell, suggesting a possible role for clathrin in the stabilization of this association. We applied a similar methodology (siRNA-mediated knockdown of α-adaptin, see above) to address the requirement of AP2 for the localization of Dab2 to the membrane and the formation of GFP-p82 assemblies. Only in rare cells was the knockdown of α-adaptin complete (as measured by a lack of staining with the monoclonal anti-α-adaptin antibody). Thus, to identify functionally significant levels of reduction, we subjected the cells undergoing α-adaptin knockdown to Alexa Fluor ® 546-conjugated transferrin uptake. Levels of reduction of α-adaptin, which are sufficient to inhibit transferrin uptake, did not affect the levels of endogenous Dab2 at the ventral membrane of HeLa cells (see Supplementary Fig- Figure S3) . Taken together, these results demonstrate that Dab2 is recruited to the plasma membrane independently of AP2. Having shown that clathrin and AP2 are present in the enlarged assemblies induced by GFP-p82 overexpression (Figures 2, 4 and 5), we probed for epsin, an additional accessory molecule of the endocytic process. GFP-p82 and RFP-epsin were cotransfected in COS7 cells, and 24 h post-transfection were observed by confocal microscopy. The co-expression with RFPepsin did not alter the distribution of GFP-p82, with a similar mixture of a majority of assemblies above the diffraction limit and a minority of peripherally localized diffraction-limited spots observed (see Supplementary Figure S4A at http://www. BiochemJ.org/bj/418/bj4180701add.htm). GFP-p82 and RFPepsin co-localized in both classes of structures (maxCCF = 0.88, see Supplementary Figure S4B) . Furthermore, the amount of RFP-epsin in individual assemblies is directly proportional to the amount of GFP-p82 (Supplementary Figure S4C) . A major portion of the larger p82-epsin assemblies was present throughout the entirety of the time-lapse acquisition (10 min, see Supplementary Figure S4D ). Interestingly, in many cases, diffraction-limited concentrations of RFP-epsin and GFP-p82 could be seen emanating from the borders of the larger assemblies (Supplementary Figure S4E and Supplementary Movie 1 at http://www.BiochemJ.org/bj/418/bj4180701add.htm). Such diffraction-limited objects moved laterally just prior to their disappearance, in accord with the behaviour of coated vesicles described previously [37] . Thus, in cells overexpressing p82, the distribution of endocytic proteins ( Figure S4 ) are suggestive of a mixed organization in which static Dab2-clathrin platforms might be adjacent to dynamic endocytic-coated pits.
To examine if the apparently constant fluorescence intensity of the p82-clathrin clusters results from a dynamic rather than static equilibrium, we performed FRAP on membrane-bound GFPp82 and GFP-LCa (in cells over-expressing unlabelled p82) in untreated cells, and in cells that underwent hypertonic shock. In untreated cells, GFP-p82 and GFP-LCa exchanged from the enlarged/stable structures, albeit with different kinetics. GFP-p82 presented a mobile fraction of ∼ 63 % and a t 1/2 of the recovery of ∼ 6 s ( Figure 6A ); in contrast, GFP-LCa presented a lower mobile fraction (∼ 50 %) and a slower rate of recovery ( Figure 6B , t 1/2 of ∼ 30 seconds). Hypertonic shock arrests clathrin-coatedpit-mediated endocytosis and induces the formation of clathrin microcages [41] . This treatment was reported to differentially affect the exchange of clathrin and AP1 (adaptor protein 1), AP2 and GGA [Golgi-associated γ -adaptin ear homology domain Arf (ADP-ribosylation factor)-interacting protein] adaptors [43, 44] . Similarly to AP1, AP2 and GGAs, and in contrast with GFP-LCa, GFP-p82 continues to exchange under these conditions, showing that it can do so independently of clathrin. However, a significant reduction was observed in both parameters of fluorescence recovery ( Figure 6C ; mobile fraction of ∼ 33 % and t 1/2 ∼ 33 s).
Molecular requirements of GFP-p82 for the formation of enlarged assemblies
Dab2 is rich in protein-protein and protein-lipid interaction motifs (Figure 1) . To dissect the putative contribution of individual motifs to the formation of the enlarged p82-clathrin assemblies, we modified GFP-p82 by site-directed mutagenesis (mutants are shown in Figure 1 ) and expressed the mutated constructs in COS7 cells. The distribution of the different GFPDab2 constructs and their tendency to form enlarged membranebound assemblies were assessed by live-cell confocal microscopy. To take into account the differences in expression levels resulting from the transient transfection of COS7 cells, we imaged the entire cell volume and expressed the GFP-Dab2 content of individual assemblies as the percentage of the total GFP-Dab2 signal of the corresponding cells (15-20 randomly selected cells per condition, Figure 7B ). The ability of GFP-p82 to form enlarged assemblies was dependent on binding NPXY signals, as mutants devoid of the PTB domain or mutagenized at residues that directly interact with the NPXY sequence (S122Y and G139A/G140A/E141A mutants) formed significantly smaller assemblies ( Figures 7A  and 7B) . A similar reduction in GFP-p82 content in individual assemblies was observed upon mutating Lys 53 , which interacts with negatively-charged phospholipids [7] (Figures 7A and 7B) . The surface recruitment of many proteins which associate with the inner leaflet of the plasma membrane is mediated by patches of positively charged residues. In Dab2, the region which precedes the PTB domain contains an evolutionarily conserved poly-lysine patch. To probe for the importance of this patch in the ability of p82 to generate enlarged assemblies, we mutated Lys 28 , Lys 29 and Lys 30 to alanine residues. Indeed, the K28A/K29A/K30A mutation led to significantly smaller GFP-p82 assemblies ( Figures 7A  and 7B ). Dab2 is a mitotic phosphoprotein. Furthermore, the interaction of Dab2 with other proteins, such as Dab2IP, is modulated by the phosphorylation of Ser 24 by protein kinase C [19] . The proximity of Ser 24 to the patch of lysine residues (amino acids 28-30) raises the possibility that, upon phosphorylation, the local net addition of the negative charge might hamper the ability of p82 to interact with the membrane, and induce the enlarged assemblies. Indeed, although the S24A mutant showed that phosphorylation at this position is not needed for the generation of enlarged assemblies, the phosphomimetic mutations S24D and S24DDD abrogated the ability of GFP-p82 to induce enlarged assemblies in proportion to the amount of negative charge added at amino acid position 24 ( Figures 7A and 7B) . Furthermore, in contrast with the identical staining pattern obtained for GFP-p82 fluorescence and for staining with a polyclonal anti-Dab2 antibody (Figure 2A) , staining with an antibody that recognizes Dab2 pSer24 showed a lack of antibody staining at the plasma membrane, a lack of co-localization with GFP-p82 assemblies, and yielded mainly a diffuse cytosolic and nuclear distribution in Dab2 pSer24-positive cells ( Figure 7C ).
To further support our hypothesis that interactions of GFP-p82 with membrane phospholipids play a central role in determining its ability to alter the size of clathrin assemblies at the plasma membrane, we monitored GFP-p82/RFP-LCa clusters under conditions known to perturb protein-phospholipid interactions. Acute inhibition, with primary alcohols, of the generation of phosphatidic acid by phospholipase D leads to the dismantling of clathrin-and AP2-coated pits at the plasma membrane [36] . Furthermore, upon washout, a burst of PIP2-dependent nucleations leads to a transient 3-fold increase in the number of clathrin-and AP2-coated pits [36] . In order to examine if a similar dissociation of Dab2 is induced by the primary alcohol, we incubated COS7 cells which had been transiently transfected with GFP-p82 and RFP-LCa with 1.3 % (v/v) butan-1-ol for 5 min at 37
• C. This treatment led to a marked reduction in the amount of GFP-p82 and RFP-LCa in the membrane-bound assemblies (see Supplementary Figure S5B at http://www.BiochemJ.org/bj/ 418/bj4180701add.htm). Furthermore, upon washout, a synchronous nucleation of an increased number (∼ 3-fold) of GFP-p82 and RFP-LCa assemblies was observed. In accordance with their larger number, and similarly to what was observed previously for clathrin and AP2 [36] , the newly formed assemblies were weaker in intensity and had a higher tendency to present a nucleation/growth/internalization type of behaviour (Supplementary Figures S5C and S5D ).
The p82 isoform of Dab2 enhances cell spreading
Cell spreading is a multi-stage process governed by different molecular mechanisms [45] . The later stages of cell spreading involve the formation and maturation of focal adhesions which are devoid of clathrin (reviewed in [46] ; results not shown). However, we observed previously that acute inhibition of the GTPase activity of dynamin with the selective inhibitor dynasore (a condition that inhibits clathrin-mediated endocytosis) inhibited the initial stages of cell spreading [47] . Nevertheless, dynamin has also been implicated in non-clathrin-mediated trafficking [47] .
To probe directly for a function for clathrin in cell spreading, we measured the area achieved by HeLa cells transfected with either shRNA for clathrin or a control-scrambled shRNA upon replating on to fibronectin (45 min incubation at 37 • C). Clathrin knockdown leads to a small but significant reduction (20 %, P < 0.05, n = 40) in the area of the spreading cells.
Due to the prominence of the p82-clathrin platforms at the ventral membrane of the cell and the ability of Dab2 to interact with NPXY-bearing β-integrin chains [28] , we hypothesized that Dab2-clathrin assemblies may regulate cell spreading. This hypothesis was tested using three experimental approaches: (i) a quantitative cell-spreading assay of cells expressing GFPp82 mutants which differ in their ability to generate enlarged p82-clathrin platforms, (ii) visualization of the distribution of β1 integrin receptors in COS7 cells expressing GFP-p82 and plated on to fibronectin, and (iii) live-cell imaging of the spreading of COS7 cells expressing GFP-p82 with or without RFP-LCa and plated on to fibronectin.
To probe for the putative effect of GFP-p82 overexpression on the initial stages of spreading, transfected COS7 cells were suspended by trypsinization, left to recover for 30 min at 37
• C and replated on to fibronectin-coated coverslips. At 45-60 min post-replating, the rate of spreading diminished as the cell area reached a plateau (results not shown). Thus all subsequent experiments, aimed at comparing different expression conditions, were carried out at 45 min. When compared with cells expressing GFP alone, overexpression of GFP-p82 (but not GFP-p59) enhanced the initial spreading of COS7 cells significantly (∼ 60 % increase in area, P < 0.001, Figure 7D ). This enhancement was reproducible in additional cell types (HeLa and HBL cells, with 40 and 30 % enhancement respectively, P < 0.01 and P < 0.05). To examine if the capacity of p82 to enhance cell spreading depends on the same features which govern its ability to generate enlarged p82-clathrin assemblies, we repeated the experiment, but now expressing the different GFP-p82 mutants shown in Figure 7 . Only non-mutated GFP-p82 and the S24A mutant (which both have the ability to generate enlarged clathrin-Dab2 assemblies) significantly enhance cell spreading compared with control (GFPtransfected) cells ( * * * , P < 0.001; Figure 7D ). To visualize the intracellular distribution of β1 integrin, we stained COS7 cells (transfected with GFP-p82 or non-transfected cells) plated on to fibronectin-covered coverslips with the TS2/16 monoclonal antibody [33] (Figure 7E) . A clear concentration of β1 integrin is observed in the GFP-p82 assemblies (in a typical cell presented in Figure 7E , the co-localization of GFPDab2 and β1 integrin, maxCCF = 0.8). Our attempts to coimmunoprecipitate Dab2 and β1 integrin were unsuccessful. This contrasts with results presented previously by Hocevar et al. [23] , but is in line with those of Calderwood et al. [28] ; thus, currently, we cannot determine if the recruitment of β1 integrin to the Dab2-clathrin assemblies is a result of a direct interaction with Dab2.
Finally, we visualized the dynamics of GFP-p82 and RFP-LCa in cells undergoing spreading on fibronectin-coated coverslips by live-cell confocal microscopy. Immediately after plating, GFPp82 concentrated at the region of cell-matrix contact. At the initial stages of spreading, p82-clathrin structures were mostly smaller in size and were extremely dynamic in nature (Figure 8 and see Supplementary Movie 2 at http://www.BiochemJ.org/ bj/418/bj4180701add.htm). The number of GFP-p82 assemblies increased according to the area of the cell in contact with the matrix (Figures 8C and 8D ). With time, the Dab2 clusters became larger and more static (Supplementary Movie 2) . At later stages of spreading, and in contrast with cells which express GFPLCa alone (results not shown), the distribution of GFP-p82 assemblies, which are generally absent from the actively ruffling membranes, continued to be concentrated away from the cell border ( Figures 8A and 8B ). This distribution contrasts with the distribution of focal adhesions, which are generally present at the cell periphery [46] , and suggests a role for p82-clathrin assemblies at early stages of cell spreading.
DISCUSSION
Our view that Dab2 performs a role in cell attachment and spreading by regulating the content and distribution of clathrin platforms at the matrix-cell membrane interface is supported by the following lines of evidence: (i) expression of the p82 isoform of Dab2 alters the distribution and clathrin content of clathrin assemblies at the ventral membrane of the cell (Figures 4 and 5) , (ii) similar conditions of expression of p82 enhance the spreading of COS7 cells on fibronectin ( Figure 7D ), (iii) the same molecular requirements and motifs are necessary for both phenomena: a functional PTB domain, the ability to bind phospholipids and the presence of the sequence which differentiates the p82 and p59 isoforms of Dab2, (iv) the generation of enlarged platforms and the enhancement of cell spreading are equally affected by phosphomimetic mutations of Ser 24 and by the abrogation of the positive charge contributed by a stretch of lysine residues adjacent to this location (Lys 28 -Lys 30 ) (Figures 7A-7D) , and (v) COS7 cells growing on fibronectin concentrate β1-integrin into the enlarged GFP-p82 assemblies ( Figure 7E) .
The notion that the enhancement of cell spreading mediated by GFP-p82 is not mainly (or solely) based on an enhancement of endocytosis of NPXY-based cargo is supported by the following lines of evidence: (i) overexpression of GFP-p82 and GFPp59 enhances the endocytosis of two different receptors bearing NPXY signals in a similar manner (Figures 3A and 3B ). This is in sharp contrast with the differential effect they elicit in the two parameters that base the main correlation of the present study: (a) the composition and dynamics of clathrin assemblies at the ventral membrane of the cell, and (b) the rate of cell spreading on fibronectin. Here, in comparison with GFP, only GFP-p82 (and not GFP-p59) altered the organization of clathrin by generating enlarged clathrin assemblies ( Figures 2, 4 , 5 and 7A-7C) and enhanced the spreading of transfected cells on fibronectin ( Figures 7D and 8). (ii) GFP-p82 generates enlarged clathrin assemblies mainly at the ventral membrane of the cell (Supplementary Figure S2) , in accordance with a proposed function in the mediation of cell-matrix attachment. (iii) The number of GFP-p82 assemblies increases concomitantly with the increase in the cell area that is attached to the matrix (Figure 8) . Furthermore, the dynamics of these assemblies changes from a dynamic behaviour at the initial point of cell-matrix contact prior to cell adhesion, to their characteristic static behaviour at later time Due to its ability to integrate receptor trafficking and cellmatrix interactions, variations to the levels of expression of Dab2 constitute an important mechanism in the determination of the cellular phenotype and are normally under tight regulation. Thus the transcription factors GATA6 and PU.1 elevate Dab2 expression levels in a variety of cell types [48] [49] [50] , including differentiating K562 megakaryocytes [29] . Megakaryocytes which overexpress Dab2 show enhanced spreading, supporting the notion that Dab2 is a mediator of cell-matrix interactions. Our results support a direct role for Dab2 in this process, via the recruitment of integrins to the enlarged clathrin assemblies generated in cells expressing higher levels of p82. However, an indirect role, via the mediation of the induction of fibronectin by TGFβ, has also been suggested [51] .
Additional endocytic adaptors, endowed with PTB domains, may potentially exert similar functions to Dab2. One such adaptor, Numb, has been shown recently to mediate directional cell migration by regulating integrin endocytosis [52] . However, in spite of having DPF motifs, Numb is devoid of a classical clathrin box. Furthermore, our preliminary experiments point to the fact that Numb overexpression does not alter the organization of clathrin in COS7 cells (results not shown). Nevertheless, although GFP-p82 overexpression enhances significantly the spreading of cells on fibronectin ( Figure 7D ), shRNA-mediated knockdown of Dab2 only has a minor effect on this phenomenon (results not shown). In addition, COS7 cells expressing GFP (which have low levels of Dab2, similarly to untransfected cells, Figure 2A ) undergo cell spreading, albeit at a lower rate than the GFPp82-expressing cells ( Figure 7D ). This suggests that although the expression of GFP-p82 enhances cell spreading, additional proteins may be involved in the basal level of spreading of cells on fibronectin. does not form detectable assemblies and is thus only represented in the quantification graph. GGE139-141AAA, G139A/G140A/E141A; KKK28-30AAA, K28A/K29A/K30A. (C) COS7 cells expressing GFP-p82 or not expressing the construct were stained with a polyclonal antibody that specifically recognizes Dab2 pSer24 (α-p-S24). Note that GFP-p82 assemblies are negative for Dab2 pSer24, whereas the adjacent cell is intensely stained. (D) Quantitative comparison of the ability of the different constructs based on GFP-Dab2 to enhance cell spreading. COS7 cells transfected with different wild-type isoforms (white bars), PTB-domain mutants of GFP-p82 (black bars), mutants of GFP-p82 differing in the charge of residues preceding the PTB domain (diagonally striped bars) and a GFP-p82 truncation mutant (vertically striped bar) were resuspended by trypsinization, left to recover in full medium for 30 min and re-plated on to fibronectin-coated plates. After plating (45 min), cells were fixed and imaged with an inverted fluorescence microscope (×40 lens). The cell area was calculated using SlideBook Due to the negatively charged phosphoinositides which form the inner leaflet of the plasma membrane, the recruitment of many proteins to the membrane is regulated by an electrostatic switch mechanism [53, 54] . Our results suggest that the region which precedes the PTB domain plays a regulatory role in governing Dab2-membrane interactions, possibly through such a mechanism. This region is endowed with both a phosphorylatable serine residue (Ser 24 ) as well as with an adjacent positively charged tri-lysine stretch (Lys 28 , Lys 29 and Lys 30 ). Phosphorylation involves the local addition of negative charge. Indeed, we observed that the addition of three negative charges by the S24DDD phosphomimetic mutation at position 24, or the reduction of three positive charges in the vicinity of Ser 24 by the K28A/K29A/K30A mutation, generates similar phenotypes and abrogates the ability of p82 to both generate enlarged clathrin assemblies and enhance cell spreading (Figures 7A-7D) . Previously, phosphorylation of Ser 24 was shown to stimulate the membrane translocation of Dab2 and its interaction with β3 integrin in K562 cells differentiating to the megakaryocytic lineage [27] . This interaction was proposed to inhibit integrinmediated adhesion to fibrinogen. However, phosphorylation of Dab2, on unidentified residues, was also reported to occur upon the adhesion of the RAW 264.1 murine macrophage cell line [29] . In this context, and similarly to the present study, Dab2 was suggested to play a positive regulatory role, as its overexpression enhanced cell spreading on a series of different extracellular matrices. Thus the role of phosphorylation in determining the function of Dab2 in regulating cell-matrix interactions is most probably dependent on the cellular context.
Clathrin generates platforms and pits of different size and structure at the ventral membrane of attached cells. Although a broad consensus exists concerning the functional and morphological progression of a coated pit to an endocytic vesicle, the composition, structure and function of larger clathrin platforms are subjects of debate [37, 38, 55, 56] . In various cell types, clathrin has been proposed to form structures which are involved in cell-matrix interactions. Thus flat clathrin sheets are seen at the adhesion membrane of many cell types ranging from HeLa cells to osteoclasts plated on various substrata [41, 57, 58] . In addition, clathrin-coated membrane domains containing β1 and β5 integrins form upon the adhesion of rat myotubes to vitronectin [59] . Furthermore, the initial adhesion and spreading of astrocytes to various substrata was shown to be mediated by α1β1 integrin localized to clathrin-based point contacts [60] . Moreover, previous reports have implicated the clathrin-mediated transport of integrins in the regulation of cell motility [52, 61, 62] , a process which is reflective of the nature of cell-matrix interactions. In the present study, we observed that prominent p82-clathrin structures, present at the ventral surface of the cell, concentrate β1 integrin when COS7 cells are plated on fibronectin ( Figure 7E ). Furthermore, these same structures are practically absent from regions of active membrane ruffling (Supplementary Movie 2), suggesting an adhesion-related function. This spatial distribution of clathrin assemblies is similar to the polarized distribution of endocytic clathrin structures at the uropod of moving T-lymphocytes. There, clathrin assemblies are also absent from actively ruffling membranes [63] .
Studies employing FRAP [43, 64, 65] show that clathrin, adaptors and epsin dynamically exchange between cytosolic and membrane-bound populations. In the present study, we show that even though the majority of the enlarged GFP-p82 and RFPLCa structures present near-constant levels of p82 and clathrin over time (Figures 4 and 5) , both molecules are in dynamic exchange ( Figure 6 ). The exchange of GFP-p82 is not strictly dependent on endocytosis, as it continues (albeit at a lower rate) in hypertonically shocked cells ( Figure 6 ) and in cells expressing the dominant negative mutant of dynamin 2, Dyn2K44A (results not shown). Interestingly, the exchange of clathrin is blocked completely in hypertonic conditions, indicating differences in the nature of the membrane association of Dab2 and clathrin. These differences are analogous to those described for the exchange of AP2, AP1, GGAs and clathrin under similar conditions [64] . However, in contrast with the results presented in the previous study, in untreated conditions, in the present study we still observe sizeable immobile fractions of clathrin (∼ 50 %) and Dab2 (∼ 30 %). The presence of both exchangeable and immobile fractions of endocytic proteins in the same structures is suggestive of subpopulations of these proteins, characterized by different modes or degrees of binding to the membrane and/or the coated pit.
In summary, the results of the present study strongly suggest that by regulating the size, nature and content of clathrin assemblies, Dab2 modulates the interaction of the cell with the supporting extracellular matrix and enhances cell spreading.
After the e-publication of the present paper, it was brought to the attention of the authors that Dab2-AP2 aggregates, albeit devoid of clathrin, were identified previously upon overexpression of Dab2 in NIH 3T3 cells [67] . The authors regret the omission of this reference.
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